Plasticity of the axon initial segment (AIS) is a newly discovered type of structural plasticity that regulates cell excitability. AIS plasticity has been reported to happen during normal development of neocortex and also in a few pathological conditions involving disruption of the inhibition/excitation balance. Here we report on the impact of early environmental interventions on structural plasticity of AIS in the mouse neocortex. C57BL/6 mice were raised 
| INTRODUCTION
Axon initial segment (AIS) is the site of action potential initiation in neurons, and plays a major role in cell excitability. The length and location of the AIS can be adjusted by neuronal activity and this form of structural plasticity fine-tunes neuronal excitability along other forms of synaptic plasticity. AIS plasticity was originally discovered in excitatory neurons (Grubb & Burrone, 2010; Kuba, Oichi, & Ohmori, 2010) , but recently it has also been reported in a subpopulation of dopaminergic inhibitory neurons of the rodent's olfactory bulb (Chand, Galliano, Chesters, & Grubb, 2015) . AIS plasticity has been shown to occur during postnatal development in mouse visual cortex (Gutzmann et al., 2014) and monkey prefrontal cortex (Fish, Hoftman, Sheikh, Kitchens, & Lewis, 2013) , and also in pathophysiological conditions such as epilepsy (Feng et al., 2013; Harty et al., 2013) and stroke (Hinman, Rasband, & Carmichael, 2013) .
Schizophrenia is a complex neurodevelopmental disorder with positive attributes (delusions, hallucinations, thought disorder), negative attributes (anhedonia, blunted affect, social withdrawal), and cognitive deficits in attention, executive function, and working memory (Charych, Liu, Moss, & Brandon, 2009) . Although the disease etiology remains poorly understood, GABAergic deficits are a core feature of schizophrenia observed both in animal models and post mortem studies (Behrens et al., 2007; Cruz, Weaver, Lovallo, Melchitzky, & Lewis, 2009; Fujihara et al., 2015; Gonzalez-Burgos, Fish, & Lewis, 2011; Lee, Zai, Cordes, Roder, & Wong, 2013; Lewis, Hashimoto, & Volk, 2005; Marín, 2012; Nakazawa et al., 2012; Roux et al., 2015) . Among different interneurons, parvalbumin-positive (PV) neurons are particularly impaired (Gonzalez-Burgos et al., 2011; Nakazawa et al., 2012; Woo, Whitehead, Melchitzky, & Lewis, 1998) . Chandelier cells which a subset of them are PV-positive (Taniguchi, Lu, & Huang, 2013) , provide potent inhibitory control at the AIS of pyramidal neurons. However, it has been shown that chandelier cells can also act as excitatory (Woodruff, Xu, Anderson, & Yuste, 2009) . Such excitatory effects of chandelier cells have been reported in mice, rat, and human neocortex (Molnár et al., 2008; Szabadics et al., 2006; Woodruff et al., 2009) , while hippocampal chandelier cells are exclusively inhibitory (Glickfeld, Roberts, Somogyi, & Scanziani, 2009 ).
Among well-known biochemical changes observed in GABAergic neurons in schizophrenia are the decreased expression of the 67-kDa isoform of glutamate decarboxylase (GAD67), the primary GABA-synthesizing enzyme (Hashimoto et al., 2003) , reduced GABA transporter 1 (GAT1) immunoreactivity in chandelier cell cartridges (Pierri, Chaudry, Woo, & Lewis, 1999; Woo et al., 1998) and increased immunoreactivity for the GABA A receptor α2 subunit in pyramidal neuron AIS (Volk et al., 2002) . Such upregulation of α2 subunit at AIS may reflect on compensatory mechanism to augment the efficacy of impaired GABAergic input to AIS. Thus, disturbances in inhibition at the chandelier neuronpyramidal neuron synapse may be a critical component in driving plasticity at AIS.
To assess if such AIS plasticity actually occur in schizophrenia, we used postnatal MK-801 (an NMDA receptor antagonist) model. Transient exposure to MK-801 during the neonatal period causes behavioral changes in rodents such as hyperlocomotion, stereotyped behavior, sensorimotor gating, and cognitive deficits representing schizophrenia-like symptoms (Feinstein & Kritzer, 2013; Furuie, Yamada, & Ichitani, 2013; Nozari, Shabani, Hadadi, & Atapour, 2014 , Nozari, Mansouri, Shabani, Nozari, & Atapour, 2015 Nozari, Shabani, Farhangi, Mazhari, & Atapour, 2015; Zhou, Chen, Hu, Mao, & Kong, 2013) . Underlying these behavioral changes are a decrease in the function of different neurotransmitter systems such as glutamatergic, dopaminergic, and GABAergic system (Abekawa, Ito, Nakagawa, & Koyama, 2007; Hoftman & Lewis, 2011; Jones, Corbin, & Huntsman, 2014; Weinstein et al., 2016) . Loss of inhibitory neurons and impairment of their physiological maturation is a prominent feature observed in this model (Abekawa et al., 2007; Jones et al., 2014; Roux et al., 2015) . As the involvement of frontal cortex in schizophrenia is documented (Hoftman & Lewis, 2011) , we addressed the area-specific effects relevant to schizophrenia by comparing the effects of MK-801 treatment in frontal versus visual neocortical areas. 
| Animals
Eight pregnant female C57BL/6 mice were randomly placed in control (CON, n = 4) or EE cages (n = 4) on their last day of gestation. Pups were born and raised either in standard laboratory conditions in CON cages (40 × 20 × 15 cm), or in the larger EE cages (60 × 30 × 20 cm) with access to toys such as plastic tunnels, shelters, and wheel-runners.
Litters were culled on postnatal day 4 (P4) to a maximum of six pups per dam and remained the same after weaning at P21. Mice in CON or EE cages were randomly assigned to the following groups: 1) CON: mice were raised in CON cages and injected intraperitoneally with saline (once per day from P6 to P10).
2) MK-801-treated: mice were raised in CON cages and injected intraperitoneally once daily with MK-801 [Tocris, dissolved in saline, 1 mg/kg (Turner et al., 2010; Nozari et al., 2014 , Nozari, Mansouri, et al., 2015 , from P6 to P10].
3) EE: mice were raised in EE cages and injected with saline as mentioned for CON group. 
| Immunocytochemistry
Each mouse was anesthetized in a sealed chamber containing the inhalation anesthetic halothane at P30 and perfused with 0.9% NaCl and then with 4% paraformaldehyde (PFA). Brains were dissected and then post-fixed in 4% PFA/ 0.1 M phosphate buffer (PBS) overnight.
Using paraffin embedding, 20 μm sagittal sections were cut and stained for Ankyrin G (AnkG). The sections were incubated in blocking solution (10% normal serum and 0.3% triton-X100 in PBS) for 1 hr at room temperature, and then incubated with the primary antibody for AnkG (1:500, sc-28561, Santa Cruz Biotechnology, Inc., USA) at 4°C overnight. Secondary antibody (1:200, VECTASTAIN elite ABC KIT, PK-6101, Vector Laboratories Inc, Burlingame, CA) was applied for 30 min at room temperature followed by avidin/biotin interaction and DAB (3,3′-diaminobenzidine) staining. Using the one sample Kolmogorov-Smirnov test we examined normal distribution of AIS length in each group/area and found deviation from normality for several data sets. However, normality assumption for use of parametric ANOVA is not required when dealing with large sample sizes (Altman & Bland, 1995; Elliott & Woodward, 2007) . Therefore, here we report statistical significance determined using one-or two-way parametric ANOVA followed by post hoc Tukey's tests. It is important to mention that we also compared groups using non-parametric ANOVA and found exact same group differences.
| Quantification and statistical analysis
3 | RESULTS
| AIS length variances in different cortical areas of CON mice
Analysis of the length of the AIS in the layer II/III neurons in FrA, M2, and V2 of CON mice indicated significant differences between areas 
| FrA
The analysis of the length of AIS (Figure 3a) .
| Area V2
Length frequency histograms of AIS in V2 were similar in CON, EE and 
| DISCUSSION
Here, we show postnatal NMDA receptor blockade leads to a shortening of AIS exclusive to the frontal cortex. EE per se not only patients and animal models of schizophrenia (Cruz, Weaver, Lovallo, Melchitzky, & Lewis, 2009; Fujihara et al., 2015; Hashimoto et al., 2003 , Homayoun & Moghaddam, 2007 Jones et al., 2014; Roux et al., 2015 , Volk et al., 2002 . Dysfunction of frontal cortex and associated circuitry underlies many of the cognitive and behavioral disturbances associated with schizophrenia (Hoftman & Lewis, 2011) . Although the frontal cortex circuitry in rodents is much less developed than in primates, its anatomically distinct sub-regions support different cognitive functions necessary to organize behavior in time and context (Dalley, Cardinal, & Robbins, 2004; Uylings, Groenewegen, & Kolb, 2003) . Among its subdivisions we focused on the most frontal area, FrA and the immediate subdivision next to it, M2 which might be uniquely involved in both representing and reading out value signals for flexible action selection in rodents (Sul, Jo, Lee, & Jung, 2011) . | 43 Bourne, 2007; Condé, Lund, & Lewis, 1996) . In the prefrontal cortex of monkeys, AnkG-labeled AIS and other markers of pre-and postsynaptic GABA synapses decline in density and length in a manner that parallels the peri-adolescent pruning of excitatory synapses to pyramidal neurons (Cruz et al., 2003 , Cruz, Lovallo, Stockton, Rasband, & Lewis, 2009a , Fish et al., 2013 . In the mouse visual cortex, the AIS elongates during development until it reaches to its peak at P15, and then shortens significantly at 1 month of age (Gutzmann et al., 2014) .
Therefore, longer AIS in the prefrontal cortex may represent delayed maturational profile of intrinsic network in this area (Kolb et al., 2012; Petanjek et al., 2011) . However, it is likely that different neocortical areas have different AIS maturational profiles, as shown in study by Gutzmann et al. (2014) for mouse cingulate and visual cortex. The other possibility is that the differences in AIS length indicate genuine region-specific differences. Future studies comparing AIS length of multiple cortical regions at different ages will be essential in revealing the reason behind area differences of AIS length.
The shorter AIS in frontal cortex of MK-801-treated animals is consistent with decreased expression of AnkG encoding mRNA (Roussos et al., 2012) and density of AnkG immunoreactive AIS in schizophrenia patients (Cruz, Weaver, Lovallo, Melchitzky, & Lewis 2009 (Abekawa et al., 2007; Homayoun & Moghaddam, 2007 Jones et al., 2014) . Chandelier cells appear to be impaired in schizophrenia (Nakazawa et al., 2012) and some patients with schizophrenia had reduced numbers of interneurons in the prefrontal and cingulate cortices (Marín, 2012) . Thus, the shorter AIS in hyper-excitable pyramidal cells might compensate increased excitability in a homeostatic manner. This explanation fits well with a recent report on AIS plasticity in CA1 pyramidal cells (Rudenko et al., 2015) , where chandelier cells act only as inhibitory (Glickfeld et al., 2009) . They showed an increase in GABAergic neurotransmission led to an increase in the length of AIS (Rudenko et al., 2015) . However, in neocortical pyramidal cells, chandelier cells can also be excitatory (Molnár et al., 2008; Szabadics et al., 2006; Woodruff et al., 2009 ). The positive beneficial effects of EE on brain synaptic plasticity and behavior have been known for decades (Berardi et al., 2015) .
Previous studies on the effects of EE on structural plasticity refer mainly to spine density and dendritic tree complexity (Berardi et al., 2015; De Bartolo, Florenzano, Burello, Gelfo, & Petrosini, 2015; Leggio et al., 2005) . Here, we demonstrate that EE also affects structural plasticity of the AIS. The modest but significant effects of EE on AIS shortening in frontal cortex of CON animals may be explained by the acceleratory role of EE in the development of inhibitory circuits during early postnatal period Greifzu et al., 2014; Huang et al., 1999; He, Ma, Liu, & Yu, 2010; Sale et al., 2004; Urakawa et al., 2013) . In the first 2 weeks of mouse postnatal development, EE promotes GABAergic neurotransmission and accelerates maturation of GABAergic synapses (He et al., 2010) . It is important to note though the molecular substrate of the effects of EE on brain plasticity is multi-factorial, with reduced intracortical inhibition, enhanced neurotrophin expression, and epigenetic changes at the level of chromatin structure (Berardi et al., 2015) , and any of these changes might play a role in control of cell excitability and AIS length. Furthermore, with EE application from birth in this study, contribution of the EE effects applied through pups' mothers must also be taken into consideration.
Recently others and we have shown that there are critical periods during which EE has the highest impact on correction of abnormal behaviour (Guo et al., 2013; Helmbrecht et al., 2015; Koseki et al., 2012; Nozari et al., 2014) . It is likely that the positive effects of EE on development of inhibitory system Greifzu et al., 2014; Huang et al., 1999; He et al., 2010 for GABAergic deficits arising from MK-801 treatment in EE + MK-801 group leading to no change in AIS length in the frontal areas.
The differential effect of MK-801 or EE on the frontal and visual cortices may be linked to the differences in the activity-dependent maturation of inhibitory network, mainly PV neurons. PV cell maturation time course differs in visual and frontal cortical areas (Bourne & Rosa, 2006; Condé et al., 1996) and that profoundly affect the postnatal development of cortical circuitry (Powell, Sejnowski, & Behrens, 2012) . Therefore, it is not surprising that EE did not led to further shortening of AIS length in the visual cortex, if this part of the brain is already at a more advanced stage of maturation (see also Gutzmann et al., 2014) . In adulthood, EE reduces inhibition and leads to a reduced inhibition to excitation balance in the visual cortex (Greifzu et al., 2014) . Differential imbalance of inhibition to excitation might also play a role in AIS length in the frontal and visual cortices.
In addition, it has been shown that MK-801-induced apoptosis is age-and region-specific, with the somatosensory and motor cortex among susceptible regions (Lema Tomé et al., 2008) . The decline in MK-801-induced apoptosis coincides with developmental switch in PV expression (Lema Tomé et al., 2008) .
| Conclusion
Both positive (EE) and negative (postnatal MK-801) early environmental experiences, induces structural plasticity of AIS specific to the frontal cortex. Such modification of AIS length, directly correlated with neuronal excitability, provides frontal neuronal networks with a pivotal potential for plasticity and susceptibility to erroneous re-wiring observed in neuropsychiatric disorders. Restoration of AIS length by co-application of EE and MK-801 may protect underlying neuronal mechanisms of circuit modifications in schizophrenia.
The impact of AIS plasticity on neuronal excitability depend on somato-dendritic morphology (Gulledge & Bravo, 2016) , therefore future studies may reveal how AIS plasticity in schizophrenia influences cells excitability in regard with differential morphology of pyramidal cells in different neocortical areas.
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